This study demonstrates that thin-film transistors with double-coated poly(3-hexylthiophene) (P3HT) channel layers (DPTFTs), which are formed by coating a second P3HT layer on top of the N 2 -annealed first P3HT layer, show a higher on/off current ratio and better subthreshold swing, compared to single-layer P3HT transistors (PTFTs). Characteristics of DPTFTs were investigated by varying the thicknesses of the first P3HT layer and the second P3HT layer. Moreover, DPTFTs with an as-prepared first layer, i.e., without N 2 annealing, were also prepared for comparison. A thin gate oxide was incorporated into the DPTFTs, which resulted in an impressive subthreshold swing (smaller than 1 V/decade). Furthermore, the study proposes new DPTFTs with an N 2 -annealed first layer and a functionalized single-wall carbon nanotube (F-SWNCT)-doped P3HT second layer. Significant improvements are observed not only in subthreshold swing and on/off current ratio but also in mobility induced by the innovative channel structure and doping of F-SWCNTs, respectively. Semiconducting polymers are attractive because they can be processed easily on a large-scale flexible substrate at a low processing temperature and at low cost. Solution-processable, self-organized, regioregular poly(3-hexylthiophene) (P3HT) is suitable for fabricating organic thin-film transistors (OTFTs) because of their high carrier mobility. OTFTs with a P3HT active layer (i.e., PTFTs) have demonstrated high hole mobility (0.01-0.3 cm 2 /V s), with a reasonable on/off ratio (more than 100 in air and 10 6 in an inert atmosphere). 1-3 Studies have attempted to improve their performance by enhancing the crystallinity of the P3HT layer through various techniques, such as changing solvents, modifying coating methods, and/or incorporating thermal annealing. [3] [4] [5] [6] Other than improving crystallinity, the dopant concentration in the P3HT and the injection barrier between P3HT and the electrodes can also be modified by thermal annealing.
Semiconducting polymers are attractive because they can be processed easily on a large-scale flexible substrate at a low processing temperature and at low cost. Solution-processable, self-organized, regioregular poly(3-hexylthiophene) (P3HT) is suitable for fabricating organic thin-film transistors (OTFTs) because of their high carrier mobility. OTFTs with a P3HT active layer (i.e., PTFTs) have demonstrated high hole mobility (0.01-0.3 cm 2 /V s), with a reasonable on/off ratio (more than 100 in air and 10 6 in an inert atmosphere). [1] [2] [3] Studies have attempted to improve their performance by enhancing the crystallinity of the P3HT layer through various techniques, such as changing solvents, modifying coating methods, and/or incorporating thermal annealing. [3] [4] [5] [6] Other than improving crystallinity, the dopant concentration in the P3HT and the injection barrier between P3HT and the electrodes can also be modified by thermal annealing. 3, [7] [8] [9] [10] Recent studies have proposed a correlation between the characteristics of PTFTs and the thickness of the active layer. [11] [12] [13] This correlation was attributed to the existence of bulk current in the active layer before the formation of the accumulation layer, and a higher bulk current is usually conducting in a thicker active layer. 11, 12 Moreover, poor off-current and subthreshold swing were observed when the thickness of the active layer was increased. 11, 12 Therefore, based on this knowledge, this study developed an innovative technique that can dramatically improve the performances.
In this study, a systematic investigation was conducted on new devices with double-coated channel layers (DPTFTs). The DPTFTs were formed by coating a second P3HT layer on top of the N 2 -annealed first P3HT layer, which showed superior characteristics to conventional PTFTs (i.e., channels composed of a single P3HT layer). More than two orders of magnitude of improvement were observed for the on/off current ratio, as well as a significantly lower subthreshold swing. To explain such extraordinary improvements, different thicknesses of the first and second active layers were used to study the mechanism. Evident correlation between the improvement and the thickness of the N 2 -annealed first layer and second layer were observed. We also extracted the contact resistance of the as-prepared and N 2 -annealed PTFTs. The results were interpreted by evaluating the different levels of dopant concentration present in the channels. A lower dopant concentration in the N 2 -annealed P3HT resulting in higher injection barrier can reduce leakage current and improve subthreshold swing because of suppression of bulk current. Lowered on-current accompanying with the reduction of bulk current can be overcome by using the double-coated channel structure. There is on-current as high as that of devices with conventional, thick and/or as-prepared single channel. A simple equivalent circuit and a speculated band structure show that z E-mail: chchien@faculty.nctu.edu.tw the enhancements of the DPTFTs resulted from the carriers conducting away from the interface between the first channel layer and the SiO 2 gate oxide before the formation of accumulation layer. Moreover, the study demonstrates that the operational voltage of fabricated DPTFTs with a thin first N 2 -annealed active layer and gate dielectric can be lowered to operate under less than 10 V, with a minimized subthreshold swing value of <1 V/decade. The DPTFTs with an N 2 -annealed P3HT first layer and second layer composed of F-SWCNTs and P3HT exhibit improvements in mobility, on/off current ratio, and subthreshold swing.
Experimental
A schematic cross section of PTFTs and DPTFTs is shown in Figs. 1a and 1b. An N ++ -doped silicon substrate and thermally grown oxides of 200 nm in thickness were used as gate electrodes and insulators, and a lift-off process-patterned Au/Ti (50 nm/2.5 nm) was deposited by electron beam thermal evaporation as the source/drain (S/D). Prior to deposition of the P3HT channel, the substrate was cleaned individually by acetone, isopropyl alcohol, and deionized (DI) water in an ultrasonic cleaner for 5 min, and treated by hexamethyl disilazane (HMDS) passivation in a vacuum oven at 150
• C to create a hydrophobic surface. The P3HT active layer was then spun at 500 rpm for 10 s, and at 1500 rpm for 25 s, followed by baking at 150
• C for 3 min on a hot plane. For the N 2 -annealed PTFTs, annealing in a furnace with N 2 for 30 min at 160
• C was sequentially executed after formation of the P3HT layer. For the DPTFTs with the N 2 -annealed first layer, the first layer was also annealed with the same process as that of the N 2 -annealed PTFTs, immediately followed by the formation of the second P3HT layer without additional N 2 annealing. For comparison, DPTFTs with the first layer without N 2 annealing, referred to as the as-prepared first layer, were also prepared. The second P3HT layers were coated using the same spin coating and baking processes. To systematically investigate the mechanism, three weight percentages of P3HT solution were used (0.05, 0.1, 0.4 wt%) to obtain different thicknesses for the first P3HT layer of DPTFTs. Moreover, to further study the influences induced by the thicknesses of the second P3HT layers of DPTFTs, we designed two situations. In the first situation, the thickness of the second layer of DPTFTs was fixed by using the 0.4 wt% P3HT solution. In the second situation, the thicknesses of the second layer were varied to match the same thicknesses of the first layer of DPTFTs. The active layers of PTFTs, i.e., devices with single-channel layers, were also coated with the 0.05, 0.1, 0.4 wt% P3HT solutions to act as the control. The process flow of this work is shown in Fig. 1c . Additionally, thin thermal oxide (25 nm) was used as the gate dielectric for the DTFTs. This study also proposes DPTFTs with the N 2 -annealed first layer and the functionalized single-wall carbon nanotube (F-SWNCT)-doped P3HT second layer. The N 2 -annealed first layer was coated with the 0.05 wt% P3HT solution, and the second layer was coated with a solution blend of F-SWCNTs and P3HT (1:5) in chloroform (0.2 wt%). The PTFTs with N 2 -annealed P3HT, 0.05 wt%, channel layer, or with as-prepared F-SWCNT-doped P3HT channel layer, of which the component was as the same as the second layer of DPTFTs, and DPTFTs with N 2 -annealed, 0.05 wt%, first layer and as-prepared, 0.2 wt%, second layer are employed for a comparison. Chloroform, which evaporates easily after baking, was used as the solvent for P3HT, so that the effects of a residual solvent in the P3HT film can be excluded. All of the P3HT solutions were treated with ultrasonic vibration for 5 min and percolated by a PTFE membrane syringe filter with a pore size of 0.2 μm. The regioregular P3HT used in this study was purchased from FEM, Inc. (Mw = 50 000), and the given coupling ratio of head-tail to head-head and tail-tail was approximately 90%. The thicknesses of PTFTs and DPTFTs were confirmed by scanning electron microscopy (SEM). P3HT thin films were not uniform, which might have been due to the fast evaporating of the solvent. The average thicknesses of PTFTs, with 0.05, 0.1, and 0.4 wt% solutions, were approximately 50, 90, and 200 nm, respectively. Moreover, the thicknesses of DPTFTs with the second layer coated with the 0.4 wt% P3HT solution and the N 2 -annealed first layers, which were coated with 0.05 and 0.4 wt% solutions, were approximately 250 nm and 470 nm, respectively. The electrical properties of P3HT TFTs were measured by a Hewlett-Packard 4156C semiconductor parameter analyzer, and the devices were evaluated at their saturation region with a drain voltage of −40 V. Mobility was extracted by maximum transconductance in the saturation region. All of the devices were processed and characterized in air atmosphere.
Results and Discussion
The drain current-gate voltage (I d -V g ) properties of the fabricated PTFTs and DPTFTs are shown in Fig. 2 . The weight percentages of solutions of P3HT in chloroform for the PTFTs and the first layer of DPTFTs were (a) 0.05, (b) 0.1, and (c) 0.4 wt%. The thickness of the second layer of the DPTFTs was fixed by coating it with the 0.4 wt% P3HT solution. As expected, the electrical characteristics were improved for on-current level, on/off current ratio, and subthreshold swing for single-layer PTFTs with N 2 post-annealing. 3, 4 Characteristics of the as-prepared PTFTs are not shown, for the sake of simplicity. However, significant enhancements were observed in the proposed DPTFTs with the N 2 -annealed first layer. An enhancement of greater than one order of magnitude on the on-current level, greater than two orders of magnitude in the on/off current ratio, and a steeper subthreshold swing for the DPTFTs with the 0.05 wt% P3HT first layer were observed. Slightly less significant improvements were observed for those with the 0.1 wt% P3HT first layer. To exclude the possibility that the improvements resulted from the thicker active layer, characteristics of the DPTFTs with the as-prepared first layer were also observed. An increased on-current level, but an inferior on/off current ratio and subthreshold swing were observed. The result was expected when the active layer in the PTFTs thickened. To further understand the primary cause of the tremendous improvements observed in the DPTFTs, PTFTs with a thicker P3HT channel formed by the 0.4 wt% solution were also fabricated. The I d -V g characteristics of the PTFTs with a thicker P3HT layer are shown in Fig. 2c . DPTFTs with a thicker N 2 -annealed first P3HT layer show a better subthreshold swing and on/off current ratio, but no gain on the on-current level compared to the PTFTs with a N 2 -annealed thicker channel. This result implies that the on-current, which is increased by using the double-coated structure, decreases with the thicker N 2 -annealed P3HT first layer. The properties of DPTFTs with the as-prepared first layer (Figs. 2a and 2b) were similar to those of PTFTs with a thick single-channel layer, (Fig. 2c) . However, the DPTFTs with the N 2 -annealed first layer showed properties that were superior to those of the DPTFTs with the as-prepared first layer, or PTFTs with a thick channel. The extracted values of the saturation field effect mobility, on/off current ratio, and subthreshold swing for these samples are shown in summary form in Table I .
To gain insight on the enhanced performance induced by incorporating a double-coated channel layer, we further investigated the characteristics of DPTFTs with different thicknesses in the second layer. We found that their properties were different from those shown in Fig. 2 . Thus, we extracted the contact resistances of PTFTs by using the transmission line method (TLM). The drain current-gate voltage (I d -V g ) characteristics of the fabricated PTFTs and DPTFTs are shown in Fig. 3 . The weight percentages of the solutions of P3HT in chloroform for PTFTs and the first layer of DPTFTs were 0.05 and 0.1, respectively. The thicknesses of the second layer of DPTFTs were controlled to be the same as that of the first layer. Comparing DPTFTs with PTFTs shows improvements in the on-current level, in the on/off current ratio, and the subthreshold swing in the proposed DPTFTs with the N 2 -annealed first layer, particularly for the DPTFTs with the 0.05 wt% P3HT first layer. However, slightly less significant improvements were observed for those with the 0.1 wt% P3HT first layer. Characteristics of DPTFTs with the as-prepared first layer, in which both the first and second layers were coated with the 0.05 wt% P3HT solution, were similar to those of PTFTs with a thicker channel layer, i.e., using the 0.1 wt% solution. These results demonstrate that the improvement in performance induced by using DPTFTs with an N 2 -annealed first layer is still effective when the thickness of the second layer is reduced. Furthermore, by comparing the results of the DPTFTs with the N 2 -annealed first layer in Fig. 3 with those in Fig. 2 , the correlation between the improved performance in the oncurrent and the thickness of the second layer can be observed. The DPTFTs with an N 2 -annealed first layer and thicker second layer exhibit more significant on/off current ratio enhancements. However, the subthreshold swing and off-current exhibited no correlations with the thickness of the second layer. The contact resistances between PTFTs with the as-prepared or N 2 -annealed channel layer coated with the 0.05 wt% P3HT solution were extracted (Fig. 4) . For N 2 -annealed PTFTs (Fig. 4, right) , the data point of the device with a channel length of 100 μm under a gate voltage of −40 V is over the scale of the y-axis and higher than the position of the fitting line. For the sake of simplicity, this data point is not shown in the figure because we employed the same y-axis scale for both sides. The values of contact resistance are 5 × 10 −9 and 1.2 × 10 −10 for PTFTs with the as-prepared and N 2 -annealed channel layer, respectively. The channel resistances of as-prepared PTFTs were observed to be smaller than those of N 2 -annealed PTFTs. This result can be interpreted by the change in dopant concentration. [7] [8] [9] [10] 14 The effects of annealing on the performances of P3HT TFTs in an N 2 environment are similar to those observed in the annealed organic devices in an inert environment, such as in glove box full of Ar, N 2 , or vacuum chamber. With N 2 annealing, the dopant concentration in the P3HT decreases, so that the channel resistance and carrier injection barrier increase. 9, 10 Moreover, thin active layer also contributes to reduce bulk current. 15 Therefore, leakage current, i.e., off-current, and poor subthreshold swing induced by the bulk current should be suppressed. Nevertheless, the on-current will decrease with bulk current suppression. 15 Lower on-current induced by thinner channel layer was also observable as shown in Figs. 2 and 3 . Less difference between on-current of the devices with as-prepared and N 2 -anneled, single layer channels, as shown in Fig. 3 , might be due to improvement in crystallinity of P3HT. Fortunately, the on-current of DPTFTs (N 2 -annealed first layer and thick second layer) is as high as that of PTFTs with thick channel layer as shown in Fig. 2 .
However, there might be issue on the viability of double-coated channel structure. The performance enhancements might be suggested to have resulted from a specific action on the N 2 -annealed first layer while coating the second layer. For example, the solvent in the solution for second layer coating might have redissolved the first layer, and thus, a new single P3HT layer was formed, instead of the structure that was proposed. This hypothesis contradicts that the extent of the performance enhancement correlates with the thickness of the second layer. If there was only a residual layer, the on/off current ratio would decrease with increased thickness of channel layer. But, in contrast, on/off current ratio was increased. Moreover, if the effect of redissolving was critical, the properties of the devices would be related to the thickness of the first P3HT layer. In other words, the thinner N 2 -annealed first layer would undergo a more significant impact from redissolution because the thin N 2 -annealed first layer might be fully redissolved. Furthermore, the dopant concentration of a new single P3HT layer should not be as low as that of the N 2 -annealed P3HT layer, i.e., the dopant concentration should be similar to that of the as-prepared P3HT layer. Accordingly, the characteristics of the device with the new single P3HT layer, which was formed by a second coating of P3HT on a thin N 2 -annealed first layer, should be similar to those of PTFTs with the as-prepared channel layer. If devices with the new single P3HT layer formed by second coating P3HT on a thick N 2 -annealed first layer, the characteristics of the device should be similar to those of the PTFTs with the N 2 -annealed channel layer. However, this argument conflicts with the results shown in Figs. 2 and 3 . Instead, the situation is contrary, i.e., DPTFTs with the thin N 2 -annealed first layer exhibit conspicuous performance improvements. Furthermore, in some articles, the authors formed the bilayer structure by using the same solvent or solvents applicable to both layers. [16] [17] [18] [19] In their works, performance difference between the devices with bilayer and bulkheterojunction active layers could still be observed. 16, 17 The device with the bulk-heterojunction structure was used as a comparison and formed by blending the same two materials as in the bilayer formation. The results showed different device performances in their bilayer structure deposition performed with different sequences. 19 Thus, fabricating the bilayer structural active layer by using the same solvent was feasible. Furthermore, an intermixed zone between the upper and under layers was observed after formation of the bilayer structure. 17 The under layer survived after spin coating the upper layer, despite the under layer not being annealed. Therefore, the re-dissolution effect is considered minor in this study, so that we could neglect it. Moreover, PTFT and DPTFT thicknesses described in the experiment can be considered evidence.
To better understand DPTFT properties with the N 2 -annealed first layer, specifically for on-current and threshold voltage shift, a simplified equivalent circuit is proposed and shown in Fig. 5 . The circuit is lumped into the cross-sectional structure of a DPTFT. For DPTFTs with the N 2 -annealed first P3HT layer, R ch1 is larger than R ch2 . R ch1 and R sp can be varied by the gate bias. They decrease or increase depending on whether the gate is biased at a negative voltage or positive voltage, respectively. Before formation of the accumulation layer, R sp is smaller than R ch1 because the channel length is considerably larger than the thickness of the first layer. There is a possibility that the carrier will conduct through the sidewall path and the second layer if the sum of 2R sp and R ch2 is smaller than R ch1 . For the results shown in Fig. 2 , R ch2 of the second P3HT layer coated using the 0.4 wt% solution is substantially smaller than R ch1 of the N 2 -annealed first P3HT Figure 5 . Schematic cross section of a DPTFT incorporating the simplified equivalent circuit. The circuit includes the contact resistance between the electrodes and the semiconductor, R c , and channel resistances of first and second P3HT layer, R ch1 and R ch2 , respectively, and resistance of sidewall path through the first layer to the second layer, R sp . layer, which was coated by the 0.05 or 0.1 wt% solution. Therefore, a substantially larger on-current is observed, the earlier conduction, i.e., prior to the conduction in the accumulation layer, is also found to be relative to the positive-shifted threshold voltage, as shown in Figs. 2a and 2b. Additionally, if the thickness of the second layer is fixed similarly to the first layer, the difference between R ch2 and R ch1 is reduced, although R ch2 is still smaller than R ch1 . Therefore, the improvement in on/off current ratio resulted from the enlarged on-current by the presence of second layer was lowered. Moreover, when the first layer is grown, R sp and R ch1 tend to increase and decrease, respectively. The sum of R sp and R ch2 might only be less small than, or equal to, R ch1 , thus leading to the results shown in Fig. 3 .
In addition to the simplified equivalent circuit, the illustrative band structure can be used to explain the improvements. Fig. 6 shows the illustrative band structures of DPTFTs with (a) thin and (b) thick N 2 -annealed first P3HT layers hypothesized in this study after applying external bias. The DPTFTs are biased at a flatband or accumulation mode. As discussed, for the results of Fig. 4 , the number of holes, which are induced by species in an air atmosphere in the first N 2 -annealed P3HT layer, should be less, compared to that in the second P3HT layer, which was not subjected to N 2 annealing during fabrication. 7, 8 The effect of dopant concentration in P3HT before and after N 2 annealing can be also correlated to the different threshold voltages, which resulted in different Fermi levels. 3, 9 The results of UV-Vis spectroscopy by Zen et al. showed that the band gaps of P3HT before and after N 2 annealing were almost the same. 10 Consequently, a built-in potential presented because of the energy difference of the Fermi level at the interface of these two stacked layers. For DPTFTs using a sufficiently thin first layer, the entire band bending of the first layer that occurred when DPTFTs were biased at a negative gate voltage permitted barrier lowering and facilitated hole population in the second P3HT layer. These holes in the second channel are beneficial for transportation because they are separate from the interface between the gate oxide and P3HT layer and certainly experience less scattering, which consequently result in an improved on-current level and subthreshold swing. Fig. 7 shows the I d -V g characteristics of DPTFTs with a thinner gate dielectric and N 2 -annealed first active layer accomplished by the solution of 0.05 wt%. The second P3HT layer of DPTFTs was coated using the same solution of the first layer. The PTFTs with the asprepared or N 2 -annealed channel are used as the control. The DPTFTs using a thin gate oxide and first active layer exhibit not only tremendously scaled down operation voltage, but also these improvements. The subthreshold swing can be reduced to less than 1 V/decade, which is an impressive value for PTFTs. Moreover, the improvements of the on/off current ratio and subthreshold swing of DPTFTs are still observable when the material of the second layer is changed. Fig. 8 shows the I d -V g characteristics of DPTFTs with the N 2 -annealed first layer coated by the 0.05 wt% solution and the F-SWCNT-blended P3HT second layer. The characteristics of PTFTs with the N 2 -annealed, 0.05 wt%, P3HT channel, or with the F-SWCNT-blended P3HT channel, and DPTFTs with the N 2 -annealed, 0.05 wt%, first layer and the conventional, 0.2 wt%, second layer are included in Fig. 8 for a comparison. After doping by F-SWCNTs, the on-current improved, and the poor on/off current ratio and subthreshold swing were observed to be similar to the results of our earlier study. 20 These might be due to the poor interface between the blended channel and gate oxide, or the increased bulk current that can act as a reference to the lower contact resistance. 20 In addition, compared with the PFTTs with the N 2 -annealed channel, the DPTFTs with the N 2 -annealed, 0.05 wt%, first layer and the conventional, 0.2 wt%, second layer exhibit similar improvements as those shown in Fig. 2 . However, the improvements can still be observed for the DPTFTs with the N 2 -annealed, 0.05 wt%, first layer and the F-SWCNT-blended P3HT second layer. Compared with PTFTs with the blend channel, over 20-fold and twofold of improvements on the on/off current ratio and subthreshold swing, respectively, were obtained. The on-current decreased, possibly because of the difference in contact resistance; that Figure 8 . I d -V g characteristics of DPTFTs with N 2 -annealed, which was coated with 0.05 wt% P3HT solution, first layer and F-SWCNTs blended P3HT second layer. The performance of PTFTs with the F-SWCNTs blended P3HT channel is included for comparison. PTFTs, the channel of which was formed by 0.05 wt% P3HT solution, and DPTFTs with an N 2 -annealed first layer, the first layer and second layer of which were coated by 0.05 and 0.2 wt% P3HT solutions, respectively, were also used as the control. The drain voltage is −60 V. is, the contact resistance of DPTFTs is larger than that of PTFTs in a similar manner of the difference in contact resistance between P3HT on Au and the blended channel on Au. 20 However, the on-current of DPTFTs with the blended second layer is still larger than that of DPTFTs with the conventional P3HT second layer. In other words, the improvements induced by double coated channel and doping of FSWCNTs were observed in subthreshold swing, on/off current ratio, and mobility, and these results also confirm the mechanisms proposed in this article.
Conclusions
In summary, P3HT TFTs with double-coated active layers were fabricated. The resultant DPTFTs showed more than two orders of magnitude of improvement in the on/off current ratio and demonstrated an improved subthreshold swing. The improvements can be due to the following: i) the N 2 -annealed P3HT first layer possessed a higher injection barrier between Au and P3HT and also greater film resistance than the as-prepared P3HT layer because of the reduced dopant concentration. Both result in the reduced bulk current that benefits the subthreshold current and off-current as the DPTFTs are turned off; and ii) The equivalent circuit and illustrative band structure of DPTFTs show that the carriers could conduct in the second layer as the devices are biased at the mode before formation of the accumulation layer, thus leading to the positive-shifted threshold voltage and the dependence of performance upon the thickness of the second layer.
Both the improvements in subthreshold performances and oncurrent due to the reduced bulk current and high conductivity of second layer can be obtained by using double-coated channel layer structure. Furthermore, this study also demonstrated that improvements induced by the double-coated channel layer can still be observed as the thin gate oxide and the F-SWCNT-blended P3HT second layer were used for the DPTFTs.
